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Abstract 
Establishing lean and green learning factories is a practical approach to meet rising resource efficiency requirements in industrial 
manufacturing. Besides lean aspects, the impact of increasing flexibility in intralogistics on energy consumption needs to be 
quantified and transferred to industry decision makers via suitable learning scenarios to deepen the understanding of energy-
related dependencies of various transport technologies. This paper presents an approach for a systematic identification and 
implementation of lean and resource efficiency potentials focusing on automated guided vehicles.  
Therefore, energy efficiency of alternative assets is measured, simulated and characterized by using Energy Performance 
Indicators. 
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1.Introduction 
Today the main focus of the initial selection of assets in the 
scope of intralogistics is the fulfillment of the goals according 
to quantity and flexibility as visualized in Figure 1. 
Depending on the production mix and the semi-finished 
goods to be transported within a factory, assets are initially 
selected to meet the recommendations covering flexibility and 
standards on the one hand and variance and quantity on the 
other hand. Following the market development of mass 
customization reveals a trend towards variability and 
flexibility which has to be fulfilled by those assets.  
Traditionally, existing intralogistics assets have been 
selected following standardized mass products (quantity). 
This approach leads to rather energy intense operations since 
the assets are oversized. 
Hence, the aim of this paper is to integrate energy 
efficiency in the selection process and to offer a learning 
concept for knowledge transfer from research institutions into 
industrial practice. 
  
Figure 1: Trend towards flexibility and variability in areas of intralogistics 
(own representation based on [1]). 
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This paper is organized as follows. Section 2 presents a 
concept for a hands-on training session in learning factories 
with focus on energy transparency of selected transportation 
technologies. In section 3, learning modules regarding 
automated guided vehicles (AGVs) are presented in detail. A 
standardized software concept for the coordination of multiple 
AGVs in learning factory environments is presented and 
concepts of infrastructural vision systems are compared. 
Moreover, milk run and autonomous transportation systems 
are compared and a final conclusion is drawn. 
2.Concept for a hands-on training session in learning 
factories focusing on intralogistics technologies 
To enhance energy transparency and to foster energy 
awareness among employees along the whole manufacturing 
process, learning factories represent a valid approach.  
Intralogistics assets in manufacturing environments are 
part of a complex system of product handling, storing, 
transportation, commissioning and packaging processes [2]. 
Nevertheless, single transportation technologies are 
generally less expensive than single machine tools and play an 
important role across a wide range of industries. Therefore, 
they are suited for comprehensive knowledge transfer and 
were implemented in the learning factory “Green Factory 
Bavaria” in Bayreuth (Germany) where a reference process 
chain for the manufacturing of composite products is built up 
[3]. 
In quarterly training sessions in cooperation with 
governmental institutions or industrial associations and in 
university education, employees on all hierarchy levels and 
students are trained. 
The major goal is to generate energy transparency and to 
enable participants to identify energy efficiency potentials of 
various transportation technologies, e.g. electrical forklifts, 
conveyor belts and transport robots (AGV) (see Figure 2). 
Therefore, an approach to identify main energy consumers 
with load profile analysis based on measurements is 
introduced to the participants and applied in the learning 
factory.  
In general, the learning concept is based on experience, 
estimation, measurement and transfer [3]. Thus, the training 
session takes into account that participation leads to 
sustainable learning effects and is structured as follows [4]. 
 
 
Figure 2: Examples of intralogistics technologies in the learning factory and 
demonstration of power consumption measurement with a power quality 
analyzer (from left to right). 
Firstly, basics of intralogistics technologies are presented. 
Additionally, to give an insight into a wide range of efficiency 
potentials the categorization of efficiency measures according 
to [5] is chosen. The following stages of innovation were 
integrated into the learning concept: 
- Machine design, e.g. energy recuperation from 
intermediate circuits 
- Technology management, e.g. selection of suited 
transportation principle depending on transportation 
task 
- Operations, e.g. material flow analysis 
 
These categories can be applied in a wide range of existing 
factories and contribute to the transferability of knowledge 
that is developed in this training session.  
After the categorization of efficiency measures the training 
session includes the following elements to enable participants 
to select and evaluate transportation technologies with respect 
to energy efficiency: 
1. Identification of main energy consumers and 
influencing factors in the learning factory environment 
by the participants focusing on intralogistics 
2. Quantification of electrical power consumption of 
different transportation technologies with 
measurements and load profile analysis 
3. Development of energy efficiency measures in 
intralogistics including technological and 
organizational measures 
4. Case study to evaluate energy saving potentials in the 
learning factory and transferability into manufacturing 
industry 
2.1.Identification and quantification of electrical power 
consumption 
Experiencing, estimating and measurement of electrical 
power consumption is a key feature of the training session. At 
the beginning of the training session participants have to 
estimate power consumption of various transportation 
technologies during operation. The guesses are documented 
and referred to during the training session.  
To verify power consumption, transport measures in the 
learning factory are monitored to quantify the impact of 
influencing factors, e. g. transport velocity, weight of load, 
distance or choice of transportation technology. During the 
development of the training session, transport technologies 
were measured with power quality analyzers to demonstrate 
the effect of the influencing factors. 
Figure 3 shows an example of measured power 
consumption of AGV, conveyor belt and electrically driven 
forklift truck depending on conveying speed. Stand-by power 
consumption and power consumption in the range of 0.12 to 
0.38 m/s can be quantified and the introduced load profile 
analysis can be performed by participants of the training 
sessions. 
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Figure 3: Examination of the power profile of AGV, conveyor belt and 
forklift truck with a load of 10 kg at varying conveying speed. 
For improved visualization of current power consumption 
and load profile analysis the operating transportation 
technologies are connected to a live dashboard in the learning 
factory (see Figure 4). Moreover, the participants can log in to 
the user interface of the live dashboard with their own mobile 
devices to ensure an improved learning effect. 
 
 
Figure 4: Screenshot of the live dashboard showing an exemplary load 
profile. 
Based on the experiences gained from categorization, 
identification and quantification of efficiency measures, a list 
of energy saving measures can be developed and evaluated as 
described in the next section. 
2.2.Development and evaluation of energy efficiency 
measures  
In a brain storming session participants and instructor are 
developing energy efficiency measures. As a result a list of 
energy efficiency measures is collected on flipcharts for 
further discussions. Additionally, annual energy demand of 
each transportation technology is calculated in a case study 
based on the measurements described in the previous section. 
Table 1 shows an exemplary list of results of potential 
efficiency measures for AGV, conveyor belt and forklift truck 
calculated from the power measurements shown in Figure 3. 
Table 1: Exemplary list of energy efficiency measures for evaluation of 
energy efficiency measures for AGV, conveyor belt and forklift truck 













AGV 0.4 None (Transport incl. stand-by) 79.3 
 0.2 Reducing speed by 50 % 75.2  
(-5.2 %) 




Conveyor belt 0.3 None (continuous operation) 434.0 
 0.3 Light barrier: switching to 
stand-by when no parts are on 
the belt  
120.6 
(-72.2 %) 
 0.3 Automatic grouping on the belt 101.5 
(-76.6 %) 
Forklift truck 0.6 None (continuous operation 
incl. stand-by) 
96.9 




 0.6 50 % recuperation of energy 




Besides technological efficiency measures, organizational 
measures are introduced in the training session, e.g. material 
flow analysis. 
To sum up, it can be stated that the learning concept 
described in section 2 is focusing on a hands-on approach in 
teaching energy awareness and efficiency measures. In the 
following sections a simulation-based learning concept for 
energetic optimization of intralogistics is presented. 
3.Learning modules regarding AGVs 
As shown above, the intralogistics material flow is handled 
with various transport systems based on different technologies 
with their individual pros and cons. Common and well 
established solutions are designed for a specific application. 
Therefore, these systems have a low flexibility in path 
planning, are not suitable for dynamic transport requirements 
and it is generally impossible to relocate the sources and sinks 
of the material flow. 
The next generations of production lines, especially the 
assembling devices, have to be designed more flexible due to 
the effects of the mass-customization. The variance of the 
products will increase combined with a reduction of the 
amount of units per variant. 
Due to their high flexibility, AGVs will become significant 
in future production line concepts. The emergence of 3D-
vision systems, LiDAR (light detection and ranging) sensors 
and ultrasonic range sensors into the consumer market leads 
to a considerable cost reduction for indoor localization and 
routing devices. Therefore, the economic use cases for AGVs 
Load profile 
depending on duration 
of experimentation 
Selected transportation 
technology and time period 
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will extend from the material supply out of a warehouse to the 
individual transport of workpieces in an individual one-piece-
flow. [6] 
Hence, a learning factory for material handling systems 
should focus on the economical and ecological benefits of the 
applications of AGVs compared to common transportation 
systems. 
3.1.Specific hardware – uniform software 
The aim of the learning factory is to show that for each 
intended use of AGV a specific hardware is needed or a 
standardized platform with a modular conception has to be 
applied. Indeed, for all applications a uniform software can be 
used. Figure 5 shows the software concept of the framework 
Fawkes which is divided into three layers and used at the 
learning factory. [7] 
 
Figure 5: Layer concept of Fawkes. 
The top layer is a CLIPS-based agent which is necessary for 
allocation of the transport task among the AGVs themselves. 
A further task of the agent is the communication between the 
AGV and the production units or the MES (Manufacturing 
Execution System). 
The second layer, the behaviour engine, is the main part for 
try-outs within the learning factory. It is programmed in LUA 
and easily comprehensible due to the graph visualization 
within Fawkes (Figure 6). [8] 
Each program is divided in easy readable skills of the AGV 
and could be programmed by the participants themselves 
following a short training phase. These skills are independent 
of the specific hardware in use. They can be combined with 
each other to generate a complex scenario without knowing 
how each command is transferred to the specific sensors and 
actors. The control of the sensors and actors, the software 
drivers, the needed communication protocols etc. are located 
in the third layer of the framework and are not part of the 
learning factory. 
This concept should show that the software logic of an 
intralogistics material flow system based on AGVs can be 
designed independent of the hardware. 
The programmed software can be tested and implemented 
to three different platforms (Figure 7) within the learning 
factory without any software change. 
 
Figure 6: LUA-based graph in Fawkes. 
 
Figure 7: Hardware platforms: FAPS-demonstrator (left top), autoBod (left 
bottom) and Robotino (right). 
This fast concept of AGV programming leads to resource 
efficient implementation of these systems. Besides, the hands-
on concept ensures a high learning effect to the participants. 
3.2.Comparison of the levels of integration 
One essential part of the use of an autonomous AGV with 
its own path planning and routing algorithms is the 
digitization of the workspace. Regarding this task, two 
extrema are possible. On the one hand side, all sensors to 
digitize the environment, to avoid collisions and for 
localization are placed on the AGV (Figure 7 left top) [9]. 
That concept leads to a fully autonomous vehicle with high 
costs for each system. On the other hand side, infrastructural 
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sensors can be used for localization and obstacle detection. In 
this scenario the on-board sensors can be reduced to low-cost 
collision avoidance sensors [10]. 
Each approach has pros and cons regarding the 
management of resources and energy. In a wide range 
production field, with just a few vehicles operating, it is more 
resource efficient to mount the sensors to the vehicles. In a 
small workspace with a high amount of operating systems the 
use of infrastructural sensors is more efficient (Figure 8). 
 
Figure 8: Qualitative correlation between infrastructural and on-board sensors 
regarding to the amount of operating vehicles. 
The aim of the learning factory is, that the participants can 
compare the expenditure of resources for different application 
scenarios and sensor concepts. Furthermore, the overall 
energy consumption of the necessary amount of embedded 
sensor devices, on-board as well as infrastructural, can be 
calculated. This enables the trade-off of economic and 
ecological aspects. 
For try-outs and hands-on sessions a test environment is 
digitized with an embedded vision system composed of a 
webcam and a single-board-computer (SBC) mounted to the 
ceiling as a low-cost infrastructural sensor (Figure 9). All 
hardware platforms shown in Figure 7 are able to operate in 
this area without using their on-board localization sensors. 
 
 
Figure 9: Concept of an embedded infrastructural vision system. 
3.3.Simulation of VTS for milk run systems 
The intralogistics material flow of a series production is 
commonly handled by milk run systems. This system 
connects the warehouse with the line-related stocks, the 
supermarkets. Milk runs are operating demand-oriented with 
Kanban systems but scheduled. The approach of a versatile 
transport system (VTS) is the introduction of a point-to-point 
material flow directly from the source to the sink without any 
storage stages between. Less space for intralogistics tasks are 
needed which increases the resource efficiency of the whole 
value stream. [11] 
The aim of the learning factory is, to give participants the 
possibility to compare the common layout of a material flow 
based on milk runs with the layout of a VTS. Therefore, a 
discrete event simulation environment is implemented, 
including all required logical functions of a VTS and a milk 
run system are included (Figure 10). 
 
 
Figure 10: Simulation environment of a versatile transport system. 
On the one hand side the results of the simulation illustrate 
at what frequency a milk run has to operate to handle the 
material flow. Furthermore, the used line-related stocks are 
calculated by the simulation. Multiplied with the dimension of 
the material this value specifies the space which is blocked on 
the production floor for intralogistics tasks. 
On the other hand side the same scenario can be simulated 
with the VTS. This approach does not need any line-related 
stocks but more vehicles are operating due to the concept. The 
output of the simulation is the number of vehicles that are 
needed to handle the given material flow. Furthermore, 
different power supply systems can be calculated and the best 
position for these devices can be tested. 
Moreover, different characteristics of the VTS can be 
simulated and tested regarding the energy efficiency measures 
mentioned in subsection 2.2. 
As a result, the participants can see the pros and cons 
regarding to the needed resources of both concepts. Besides, a 
hands-on session with the preprogramed simulation 
environment helps to get an easy and fast access to design and 
software topics of a VTS. Also some side effects for the 
resource efficient usage can be pointed out or developed 
during the sessions. For example, a transport task allocation 
regarding the age or the depreciation leads to the best 
demands of maintenance resources. 
Besides, the simulation of the VTS can be run with 
different implementations of efficiency measures to show 
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their effect on the availability of the vehicles, the required 
number of vehicles and the overall efficiency of the system. 
4.Conclusion 
Concluding it can be stated that intralogistics can be used 
as illustrative and simple learning scenarios to transfer 
knowledge of energy efficiency measures from research 
institutions into manufacturing environments. 
The learning factories in Bayreuth and Erlangen represent 
a combination of industrial and academic application 
scenarios suggested by Abele et al. [12]. This leads to a 
complementary training concept that addresses the impact of 
intralogistics on resource efficiency in factories. 
In the learning factory in Bayreuth the participants gain 
insight into electrical energy consumption of different 
transportation systems and energy efficiency measures that 
lead to a significant reduction of energy consumption 
(section 2). In Erlangen the implementation of AGVs and its 
constraints is addressed. The great variety of possible designs 
of transport systems regarding the specific application is a 
core element (section 3). Additionally, the contents of both 
learning factories are implemented in a simulation 
environment. 
5.Outlook 
For a sustainable development of production companies it 
is necessary to be aware of the energy efficiency of 
production processes to have a competitive advantage, 
including material flow processes. The Relative Energy 
Efficiency (REE) [13] is a newly developed indicator within 
the Green Factory Bavaria collaborative project in Germany. 
The core idea of this approach is the comparison and 
assessment of energy efficiency in the production of technical 
products based on the relation of the least energy demand to 
the actually consumed energy. 
The procedure is divided into several sections. First, the 
calculation of the least energy demand for the production of a 
product is performed. The least energy demand calculation is 
divided in three steps. It starts with the calculation of the 
physical energy demand for the process based on the unit 
operation. Furthermore technological and machine influences 
are considered. In the last step the measurement of the energy 
consumed for manufacturing the product must be determined. 
This can be done with a measuring system connecting the 
system and the energy source. Finally, the theoretically 
calculated and actually consumed energy are put in relation. 
This results in the energy efficiency value. This value is 
between 0 and 1, where 1 represents the best achievable 
efficiency [14]. Based on this approach the real energy saving 
potentials can be detected and assigned to the origin of 
formation. The energy efficiency can be expressed with the 
REE as a dimension for a further comparison, energy 
benchmark and the detection of saving potentials [15]. 
This approach leads to a classification figure for 
production processes including the material flow. It allows not 
only to set different logistics solutions in relation but also a 
cross-production site and cross-company comparison of the 
whole value stream design. The inclusion of the REE to the 
learning factory and the creation of an attractive hands-on 
session is the objective of future research. 
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